Purpose of review Recurrent urinary tract infection (rUTI) is a serious clinical problem, yet effective therapeutic options are limited, especially against multidrug-resistant uropathogens. In this review, we explore the development of a clinically relevant model of rUTI in previously infected mice and review recent developments in bladder innate immunity that may affect susceptibility to rUTI.
INTRODUCTION
Urinary tract infections (UTIs) are very common and highly recurrent: approximately 60% of all women will have a UTI during their lifetime [1, 2] , and 20-30% of women with an acute UTI will have a recurrence within 6 months [3, 4] , accounting for 10.5 million ambulatory care visits in 2007 in the United States alone [5] . Of particular concern is the fact that some women experience highly recurrent UTI and may have half a dozen or more recurrences in the year following an initial episode [6, 7] . A recurrent UTI (rUTI) negatively impacts patient quality of life and contributes significantly to the extremely high financial burden of UTI, which, through direct medical costs and indirect costs such as lost work output, is estimated to be more than $5 billion in the United States alone [3, 4, 8] . Unfortunately, clinicians have few therapeutic options for preventing rUTI and often resort to daily antibiotic prophylaxis [9, 10] , though multidrug resistance among uropathogens is a rapidly increasing concern [11] . Therefore, novel therapeutic approaches are needed to combat rUTI. Although approaches targeting the bacteria, such as vaccines and antivirulence therapies, are being pursued, the diversity among uropathogens
THE BIOLOGY OF URINARY TRACT INFECTION
The vast majority of UTI affect the lower urinary tract, which includes the bladder (cystitis), and ascension to the kidneys is rare in the absence of anatomical abnormalities [15] [16] [17] . Upon introduction into the urinary bladder, UPEC and some other Gram-negative uropathogens can invade superficial cells of the bladder epithelium (urothelium) and replicate rapidly within the host cell cytosol, forming clonal, biofilm-like intracellular bacterial communities (IBCs) (Fig. 1 ). This acute pathogenic cascade allows UPEC to replicate in a protected intracellular niche, thereby avoiding professional phagocytic cells and antibiotics while dramatically increasing in number, with each IBC giving rise to 10 000-100 000 bacterial cells [18] [19] [20] . Although first observed in mice, IBCs have been found in urine sediments from women and children with UTI [21] [22] [23] .
The primary reservoir for uropathogenic bacteria has been assumed to be the gastrointestinal tract (GIT), which in turn can seed the vaginal and periurethral flora [62] [63] [64] [65] [66] . However, once the initial ascending UTI has occurred, subsequent rUTI may either be a re-ascension from the GIT, vaginal or periurethral reservoir or a reseeding from a persistent lower urinary tract nidus, for example urinary calculus or other persistent reservoir in the bladder. Bladder reservoirs were first observed in patients between rUTI episodes [67] . Subsequent studies in mice demonstrated that even after sterilization of the urine by antibiotics, UPEC could persist latently within urothelial cells, wherein they can potentially seed reinfections [68] [69] [70] [71] . These bacterial quiescent intracellular reservoirs (QIRs) are small collections of UPEC (4-10 dormant bacteria) in Lamp1 þ endosomes. They can emerge and cause recurrent infection either naturally [69, 70] or when a urothelial exfoliation response is triggered by bladder damage [68, 71] . QIRs are completely distinct from the process by which UPEC invade and replicate within urothelial cells during acute infection to form IBCs [18, 19] . IBCs are transient, forming and maturing over a matter of hours with the cytosol, whereas QIRs are latent infections that can last for months confined within the endosomal compartment. QIRs may contribute to rUTI, though whether QIRs are found in humans is an open question.
The bladder mucosal defenses against bacterial infection include both constitutive and induced factors. The lower urinary tract is lined by a specialized stratified epithelium known as the urothelium, which acts not only as a permeability barrier but also as a barrier to bacterial adherence and invasion [24] [25] [26] [27] . Continuous low shear force flow of filtrate and urine in the kidneys and ureters and intermittent high shear force urine flow in the bladder and urethra during urination act as formidable barriers to bacterial ascension and colonization. Furthermore, soluble factors in the urine, such as TammHorsfall protein, complement and antimicrobial peptides, also play a role in defense against bacterial UTI [28] [29] [30] . Upon colonization of the bladder wall
KEY POINTS
Urinary tract infections (UTIs) are very common and highly recurrent, and rising antibiotic resistance to uropathogens necessitates the development of alternative therapeutic approaches.
Sensitization to recurrent UTI can occur in mice as a consequence of chronic bladder inflammation during prolonged bacterial cystitis, likely due to mucosal remodelling that alters the propensity for protective and damaging mucosal responses.
The innate mucosal immune defenses of the urinary bladder are numerous and formidable and include both constitutive and induced components.
If bacterial colonization is established, soluble and cellular mediators of inflammation are induced and the balance of immune cell defense and bladder immunopathology is critical for determining disease outcome.
Future studies of recurrent UTI should be directed towards understanding how the innate immune response changes as a result of bladder mucosal remodelling in previously infected mice and validating these findings in human clinical specimens.
and invasion of the urothelium, pattern recognition receptor signalling in both the stromal and haematopoietic cell compartments plays a critical role in inducing a vigorous innate immune response, including activation of urothelial and bladder resident immune cells and coordinated cytokine and chemokine secretion, resulting in recruitment of myeloid cells, predominantly neutrophils and inflammatory monocytes, to the bladder [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] 72] (Fig. 1) . The outer layers of the urothelium respond to infection by undergoing cell death and shedding infected cells into the urine stream in a process termed exfoliation [73, 74] , and the underlying urothelial cells become hyperproliferative as long as infection ensues [39, 75, 76] . Adaptive immune responses are not well understood, but appear to contribute to immune defense against challenge [34, 77, 78] , perhaps explaining why the majority of women who suffer an acute UTI do not develop recurrent infection. indicates events that occur within the first 4-6 h of colonization; and '3' indicates events that occur from 6 to 24 h postinfection. Responses discussed in this literature review are highlighted in red. BMP4, bone morphogenetic protein 4; G-CSF, granulocyte colony stimulating factor; IBC, intracellular bacterial community; IL-1, interleukin 1; MMP-9, matrix metallopeptidase 9; QIR, quiescent intracellular reservoir; PRR, pattern recognition receptor; TLR4, Toll-like receptor 4; TNFa, tumour necrosis factor alpha 53 Host factors affecting risk of recurrence in premenopausal women have been studied in detail and are described fully elsewhere [2, [79] [80] [81] [82] [83] . For the purpose of this review, it is important to highlight that there are three main risk factors for symptomatic rUTI in premenopausal women (Table 1) : bacterial exposure, a prior history of UTI and host genetics. Importantly, rUTI might be influenced by a combination of some or all of these host determinants, or other host determinants that have not yet been identified. Fully understanding the bacterial and host drivers of recurrence will require a tractable animal model of rUTI. It is imperative to note that the vast majority of our knowledge of the mechanisms of determinants of UTI pathogenesis, as well as the efficacy of novel therapeutics and vaccines, stems from experiments performed in naïve mice with pristine bladders. Although these studies have been tremendously informative, they do not take into account the effects of mucosal remodelling consequent to the chronic bladder inflammation that occurs in patients suffering from rUTI [84] . Inbred mice are powerful tools to understand biological processes because they are genetically identical and can be used to isolate a particular trait of interest in a way that cannot be done in an outbred population. Naïve C57BL/6 mice are relatively resistant to acute cystitis, resolving infection rapidly, and, when infected serially at 2-week intervals with UPEC, become progressively more resistant to bacterial rechallenge [78] . Although this model can provide useful information about the adaptive immune response to UTI, it does not shed light on the clinical problem of rUTI. In contrast, UPEC infection in C3H/HeN and closely related mouse strains results in two distinct outcomes: chronic bacterial cystitis, which is defined as persistent high-titre bacteriuria, high-titre bladder infection and chronic bladder inflammation lasting for the life of the animal; or spontaneous resolution of cystitis [76, 85] . Placebo-controlled studies indicate that in the absence of effective antibiotic therapy, up to 60% of women experience bacteriuria lasting months after an initial infection, often despite improvement of symptoms [86, 87] . In chronic cystitis in mice, the bladder mucosa develops lymphonodular hyperplasia in the bladder submucosa, and urothelial hyperplasia with a lack of uroplakin expression, similar to lesions seen in human patients with persistent bacteriuria, whether symptomatic or not [84, 88] . The development of chronic infection in mice can be predicted as early as 24 hpi by elevation of serum and urine cytokine biomarkers associated primarily with the neutrophil response to infection [76] . Elevation of these biomarkers correlated with the presence of severe acute bladder inflammation. Treatment of mice with the immunosuppressive drug dexamethasone reduced the severity of acute inflammation and protected against chronic infection. Thus, an inappropriately severe bladder inflammatory response predisposes to chronic infection (Fig. 2) .
Importantly, C3H/HeN mice that are allowed to be infected with UPEC for 2 or more weeks become 'sensitized' or predisposed to developing severe acute and chronic cystitis when challenged 4 or more weeks after the initial infection is cleared with oral antibiotics [76] . This model is to our knowledge the only clinically relevant model of rUTI in use, and together with the epidemiological data raises the following hypothesis: an episode of UTI that is severe, prolonged and early in life results in chronic bladder inflammation that in turn causes remodelling of the bladder and increases susceptibility to infection later in life when women become sexually active [8] . Lending further support to this hypothesis is the key finding that in the C3H model of chronic cystitis, the early innate response is critical for determining disease outcome [76] . Thus, in this review we will focus on recent advances in our understanding of innate immune defenses against UPEC infection of the bladder mucosa, in an attempt to understand how these responses may contribute to resistance or susceptibility to rUTI.
RECENT ADVANCES IN URINARY TRACT INFECTION INNATE IMMUNOLOGY
The urinary tract is subject to frequent bacterial exposures and has therefore developed an arsenal of innate defense mechanisms, both constitutive and induced. Understanding these innate defense mechanisms may reveal insight into whether and how these protections break down in the case of 
Innate immune responses to uropathogenic Escherichia coli urinary tract infection
Antimicrobial peptides are important defenses against microorganisms. Cathelicidin (LL-37) is constitutively expressed in the urinary tract, and has been demonstrated to play a key role in protection from UTI [30] . A recent study found that uncomplicated UTI patients had significantly elevated levels of LL-37 during infection compared with postinfection. Interestingly, fecal E. coli isolates from healthy controls were more susceptible to LL-37 than fecal and UTI isolates from UTI patients were, suggesting a potential mechanism for UPEC persistence in the GIT [49] . Beta defensin-1 (BD1) is also constitutively expressed in the urinary tract and has been suggested to play a role in pyelonephritis [50] and defense against Gram-positive uropathogens [51] . However, lower UTI patients did not differ from healthy controls in their urine levels of BD1 [49] . Another recent study demonstrated that Defb1 -/-mice did not differ from wild-type C57BL/6 mice in their acute bladder and kidney bacterial burden after experimental UPEC infection. BD3 and BD14 were found to be bactericidal against UPEC in vitro, FIGURE 2 . Model for susceptibility to acute, chronic and recurrent cystitis. We hypothesize that an acute host-pathogen checkpoint exists that determines disease outcome within the first 24 h of the acute infection. If the immune response is too limited, the host may fail to clear the infection and consequently will develop persistent bacteriuria and bladder infection that may be asymptomatic. In contrast, an immune response that is too severe may cause bladder immunopathology during acute cystitis that leads to the development of persistent bacteriuria and bladder infection that may be symptomatic. This is accompanied by bladder disease indicative of chronic cystitis, which, in mice, is accompanied by urothelial hyperplasia with a lack of terminal differentiation. Furthermore, evidence in mice suggests that a severe first-time infection that is left untreated for 2 weeks or more causes changes to the bladder mucosa that render it more sensitive to bacteria upon reinoculation. Figure  adapted from [89] .
Acute bacterial virulence

Persistent bacteriuria
Bladder innate immunity and recurrent urinary tract infections O'Brien et al. but further studies are needed to examine their role in UTI [52] . Humoral innate immunity also plays a role in UTI. This arm of the innate immune system is composed of the complement cascade and soluble pattern recognition molecules such as pentraxins. PTX3 is a highly conserved, prototypic pentraxin known to be protective against bacterial and fungal infections. Recently, a role for PTX3 in UPEC UTI was reported. Compared with wild-type C57BL/6 mice, PTX3-deficient mice had impaired bladder and kidney bacterial clearance and significantly more inflammation of the urinary tract, likely due to defective phagocytosis by PTX3-deficient neutrophils. Importantly, polymorphisms in PTX3 were associated with increased susceptibility to UTI in humans [53 && ]. It has long been known that neutrophils are an important innate cellular defense against UTI [36] . Although CXCL chemokines secreted by the infected mucosa certainly play a role in recruiting neutrophils to the urinary tract, how this response is coordinated has been poorly understood. A recent study [54 & ] suggests that bladder resident macrophages recruit both neutrophils and Ly6C þ inflammatory monocytes to the urinary bladder during acute UTI, and that the inflammatory monocytes play a role in 'licensing' resident macrophages to induce bladder epithelial transmigration by neutrophils. The authors demonstrated in C57BL/6J mice that recruited monocytes express tumour necrosis factor-alpha (TNFa), which induces further CXCL2 (chemokine [C-X-C motif] ligand 2) expression by bladder resident macrophages, which in turn induces matrix metalloproteinase-9 expression by the neutrophils, enhancing their capacity for crossing the epithelium. However, disruption of this 'licensing' resulted in only very minor (two-fold) differences in acute bladder bacterial burdens and did not affect disease outcome, bringing into question how critical this pathway is to bladder immune defense.
In C3H/HeN mice, severe acute immunopathology leads to the development of chronic cystitis [76] . Recently, the same group found evidence in both humans and mice that this acute immunopathology is a result of exacerbated bladder epithelial transmigration by neutrophils [55 && ]. They identified serum cytokine and growth factor biomarkers of rUTI in adult women that implicated a magnified myeloid cell immune response during acute cystitis as a risk factor for future rUTI. In C3H/HeN mice, temperance, but not elimination, of the neutrophil response to the UPEC-infected urinary bladder significantly protected against severe acute and chronic infection. In contrast to the reported findings of Schiwon et al.
[54 & ], the exacerbated bladder epithelial transmigration in C3H/HeN mice was not dependent upon inflammatory monocyte recruitment, but was instead sensitive to inhibition of cyclooxygenase-2 (COX-2), the enzyme that catalyzes the rate-limiting step in prostanoid synthesis. Treatment of mice with NSAIDs that inhibit all isoforms of cyclooxygenase, or with COX-2 specific inhibitors, reduced epithelial transmigration by neutrophils and prevented mucosal wounding during acute cystitis and protected naïve mice against chronic infection. A history of chronic cystitis was previously shown to sensitize mice to developing recurrent chronic cystitis upon subsequent bacterial challenge (Fig. 2) [76] . Proteomics of bladder epithelial cells isolated from these 'sensitized' mice during the convalescent period after the initial infection and antibiotic treatment revealed changes in protein expression that would likely intensify their innate immune and exfoliation responses to infection, particularly under conditions of oxidative stress. Importantly, COX-2 inhibitors were also protective against recurrent cystitis upon bacterial challenge of these sensitized mice [55
&&
].
Noncanonical innate immune responses to urinary tract infection
Recent work has revealed new insight into host defense mechanisms that, while innate, lie outside the realm of traditional innate immunity. A key concept is the so-called 'nutritional immunity', or the careful control and sequestration of transition metals by the host in order to limit their availability to pathogens [56] . To circumvent nutritional immunity, many pathogenic and nonpathogenic bacteria possess an arsenal of siderophores, small molecules that scavenge and import free iron. Most clinical UPEC isolates produce multiple siderophores, and a largescale metabolomics study revealed that urine isolates from patients with rUTI preferentially express salmochelin and yersiniabactin [90] . Recently, a novel role for yersiniabactin in UTI was identified. This siderophore was found to bind to copper in urine from both infected mice and women with acute cystitis, in order to protect UPEC from copper toxicity [91] . Cupric yersiniabactin was found to have superoxide dismutase like activity that prevented bacterial killing by copper-replete phagocytic cells [92] . To counter bacterial scavenging of transition metals, the host produces the antimicrobial protein lipocalin-2, which binds and inactivates siderophores. Although lipocalin-2 expression is induced in the bladder epithelium during cystitis [57, 72] , a recent study found that aintercalated cells of the collecting duct of the kidney act as sentinels of the upper urinary tract during cystitis, sensing infection in the lower urinary tract and expressing and secreting lipocalin-2 into the urine filtrate in a Toll-like receptor 4 (TLR4)-dependent manner [58 & ]. Mice lacking either lipocalin-2 or intercalated cells were susceptible to more severe and prolonged cystitis.
Although not classically considered a component of innate immunity, autophagy is known to play a protective role in the context of several infectious diseases, such as listeriosis and toxoplasmosis [93] . A recent study found that ATG16L1 deficiency protected mice from UTI. Atg16L1-hypomorphic mice had more rapid clearance of bacteriuria and retained fewer QIRs than wild-type mice did. Thus, the persistence of loss-of-function variants in autophagy proteins in humans may be due to a protective role against common bacterial infections such as UTI [94] . The pattern recognition receptor NOD2 (nucleotide-binding oligomerization domain-containing protein 2) is known to interact with ATG16L1, but NOD2 was not found to play a role in ATG16L1 deficiency mediated UTI resistance in mice or humans [95] .
Uropathogenic Escherichia coli subversion of innate immunity and bladder tolerance Why do prolonged UPEC exposures, either through persistent asymptomatic colonization of the bladder in the case of asymptomatic bacteriuria (ASB/ABU) or through frequent recurrent infections in the case of rUTI, not result in a protective adaptive response in many patients? New evidence suggests that UPEC infection can directly or indirectly promote a tolerogenic bladder environment by suppressing host inflammatory responses. Although it has been known that virulent UPEC have the capacity to suppress host inflammation compared with K12 strains [96] [97] [98] 
CONCLUSION
UTI is a complex syndrome, and bladder colonization ranges from asymptomatic bacteriuria to chronic and recurrent cystitis (Fig. 2) . Naïve mice with pristine bladders are extremely useful for modeling an initial, uncomplicated UTI, but likely do not accurately model the significant clinical problem of highly recurrent UTI. Thus, recent studies of innate immune responses to UTI must be evaluated in the context of the animal model used and may not reflect general innate responses in the context of rUTI. Recent work in mice that have experienced a prior UTI has identified bladder mucosal remodeling that differs depending upon the length of the initial infection [55 && ]. These changes, determined by the outcome of the initial infection, likely alter the mucosal response to subsequent bacterial challenge. Indeed, some of the innate immune factors identified in naïve mice have been suggested to play a role in mucosal remodelling at other sites [61, 101] . To further our understanding of the host factors underlying rUTI, we must include the known risk factors of bacterial exposure, history and genetics in any mouse model. In addition, we should incorporate relevant data from patients suffering from rUTI whenever possible. By refining the way in which we model rUTI, we can ensure that future studies more accurately increase our understanding of disease pathogenesis and facilitate the development of new, more effective therapeutic strategies to combat this important clinical problem. 
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